Killer strains of Saccharomyces cerevisiae contain two species of doublestranded ribonucleic acid (dsRNA) with molecular weights estimated at 2.5 x 106 (L) and 1.4 x 106 (M). The M component appears to have a high adenine content. All mutants of killer which are defective for both the toxin and immunity functions lack the M dsRNA. One of these mutants has a novel dsRNA with a molecular weight of 5 x 105. Another class of killer mutants contains strains which are defective for either the toxin or the immunity function. They include temperature-sensitive killers, superkillers, and immunity-minus strains. The dsRNA profile of temperature-sensitive killers resembles that of the standard killer. The superkiller has 2.5 times more of the M dsRNA (1.4 x 106 daltons) than does the standard killer. Immunity-minus killers have, in addition to the two dsRNAs species of standard killer, a novel dsRNA with a molecular weight of 2.5 x 105. The data are consistent with the hypothesis that the M RNA controls toxin production. In addition, the two RNAs, L and M, seem to be regulated together. When the M RNA is missing, the amount of L is either greatly elevated or greatly reduced.
The killer phenotype of yeast is determined by an extrachromosomal element that is dependent on nuclear genes for its maintenance (3, 8) . Killer strains exhibit two traits: ability to kill sensitive strains and immunity against other killers. In this paper we refer to the expression of immunity function as I+ and the expression of toxin function as T+.
A number of strains carrying alterations in either the killing or immunity function have been derived from the original killer (Table 1) . One class has lost both functions (I°T°). Members of this class include: (i) spontaneously arising nonkillers (spontaneous nonkiller); (ii) cycloheximide-induced nonkillers (cycloheximide nonkiller [2] ); (iii) nonkillers which suppress the killer determinant when both are in a diploid together (suppressive nonkillers [9] ).
Another class has alterations in only one of the two functions. Within this second group are: (i) temperature-sensitive killers which kill at 23 C but not at 30 C; (ii) killers defective in immunity, which kill but are no longer immune; (iii) superkillers, which have greater killing ability than the standard killer. The mutant killer traits are inherited in a non-Mendelian fashion and obey the same genetic rules for killer segregation as described previously (3) .
In a previous paper (10), we described a double-stranded ribonucleic acid (dsRNA) that was present in a standard killer but absent from spontaneous nonkiller derivatives. Bevan et al. (2) have characterized the dsRNA from killer strains and shown that standard killer strains have two dsRNAs differing in size. When subjected to acrylamide gel electrophoresis, the higher-molecular-weight species of dsRNA (L) migrates slowly, and the smaller migrates more rapidly (M) . To formed. After standing for 30 min, the solution was filtered through coarse paper and titrated to pH 5.8 with concentrated HCl. After the solution was autoclaved, sterile glucose was added to a final concentration of 2%. The protocol was developed by Jerry Rubin (personal communication). Cells were allowed to grow in this medium with 0.8 to 2.5 mCi of 32P until mid-log phase. Under these conditions, more than 99% of the 32p was incorporated into whole cells.
RNA extraction. Cells from a 100-ml culture (1 g) were harvested by centrifugation and washed once with 10-3 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride pH 7.4. They were suspended in 24 ml of 10-' M Tris-hydrochloride (pH 7.4)-0.1% (wt/vol) bentonite, washed by the method of FraenkelConrat et al. (4) , and broken for 1 min in a Braun homogenizer with 20 g of acid-washed glass beads (0.45 to 0.50 mm in diameter). Immediately, the solution was made 0.5% with sodium dodecyl sulfate (SDS), and 1 volume of phenol, equilibrated with buffer, was added. After 1 h at 4 C with occasional stirring, the phases were separated by centrifugation. Nucleic acids from the top aqueous phase were precipitated with 2 volumes of 95% ethanol. The precipitate was collected by centrifugation and suspended in a small volume of 0.1 x SSC (1 x SSC = 0.15 M NaCl-0.015 M sodium citrate). To remove ribosomal RNA (rRNA), an equal volume of 4 M LiCl in 2
x SSC was added. Most of the rRNA precipitated under these conditions (1) and was removed by centrifugation. Nucleic acids from the resulting supernatant were precipitated with ethanol and collected by centrifugation.
For removal of deoxyribonucleic acid (DNA), the ethanol precipitate was suspended in 1 ml of 0.01 M Tris-hydrochloride (pH 7.4)-0.05 M MgCl2. This buffer had been equilibrated previously with 0.1% bentonite, which was then removed by centrifugation. The nucleic acid solution was incubated with 100 pg of DNase for 30 min at 37 C. The reaction was terminated by the addition of an equal volume of phenol. Nucleic acids were precipitated from the aqueous phase with 2 volumes of 95% ethanol, collected by centrifugation at 10,000 x g, and suspended in a 1:1 mixture of electrophoresis buffer and glycerol. This solution was submitted to gel electrophoresis. If the DNase treatment is omitted, a diffuse DNA band appears slightly above the L dsRNA. DNA interferes with proper estimation of the dsRNA; DNase treatment removes the DNA band and the larger dsRNA if the bentonite treatment is omitted from the procedure. The loss of RNA by DNase treatment is reproducible and also occurs with the three largest components of reovirus RNA. The interpretation of this finding is still unclear. However, with the bentonite pretreatment of the DNase buffer, the diffuse DNA band is no longer present and no loss of either dsRNA could be detected.
Gel electrophoresis. Samples were analyzed by gel electrophoresis in a 5% acrylamide-0.125% methylene bis acrylamide system without SDS (6) . The electrophoresis buffer is 0.04 M Tris-acetate (pH 7.3) containing 10-' M ethylenediaminetetraacetic acid (EDTA). The gels were run first without samples at 4 mA/tube to remove the ammonium persulfate. The samples were then added and subjected to electrophoresis for 10 h at 2.5 mA/tube. After removal from the running tubes, the gels were fixed for 1 h in 1 M acetic acid, stained in 2% methylene blue in 0.4 M sodium acetate (pH 5.0), and destained in distilled water.
Three procedures were used to analyze radioactive samples on the gels. (i) For estimation of the amount of radioactivity on the dsRNA, each visible band was excised from the gel with a razor blade, and the slice was hydrolyzed with 1 ml of 30% H202 at 50 C for at least 6 h (7). An 8-ml vol of Aquasol was added, and the sample was counted in a Nuclear-Chicago scintillation counter. (ii) For determination of radioactive profiles of material on the gel, the gels were frozen solid with dry ice and sequentially cut into 1-mm slices with a Mickel Gel Slicer. Each slice was hydrolyzed with H202 and counted as described above. (iii) For base composition analysis, the bands stained with methylene blue were excised and inserted into a gel tube sealed at the bottom with a 1-cm plug of 5% acrylamide. A piece of 0.25-inch (about 0.64 cm) dialysis tubing tied at one end was filled with about 1 ml of buffer and inserted around the bottom of the gel tube to collect the RNAs. RNA in the gel slices was eluted electrophoretically into the dialysis bag for 13 h at 2.5 mA/tube. The eluted RNA was precipitated along with unlabeled carrier rRNA, suspended in 0.3 M KOH, and hydrolyzed for 18 h at 37 C. At that time the solution was titrated to neutrality with 1.75 M HCIO4. Salts that precipitated were removed by centrifugation. The solution was evaporated to dryness, suspended in a small volume of distilled water (100 to 200 gliters), and applied to a piece of Whatman 1 filter paper (22 by 24 cm). The first dimension was developed for 18 h with isopropanol-1 M NH40H (60:40), and the second was developed for 12 h with isobutyric acid-0.5 M NH40H (10:6). The nucleotides were visualized by their fluorescence in ultraviolet (UV) light. With this chromatographic system, guanylic and uridylic acid migrated very close to one another. To distinguish the individual nucleotides, the chromatogram was exposed to HCI fumes. After the HCI treatment, guanylic acid has a brilliant blue fluorescence as compared with a deep violet color for uridylic acid. This color difference allows an accurate determination of the boundary between guanylic and uridylic acids. The area of the paper corresponding to each nucleotide was cut out and counted in the scintillation counter. The base ratios of [32P ]rRNA were also determined as a control.
RESULTS
Gel electrophoresis ofkiller RNA. A nucleic acid fraction from standard killer and a number of mutants was prepared by phenol extraction (see above). rRNA was removed by LiCl precipitation and DNA was removed by DNase treatment. Figure 1 shows gel electropherograms of RNAs prepared by this procedure. For comparison, a gel with the well-characterized dsRNA of reovirus (prepared from mature particles) has been included. All bands shown in Fig. 1 Two species of dsRNA, L and M, are always observed in standard killer strains: L has a molecular weight estimated at 2.5 x 10"; M has a molecular weight estimated at 1.4 x 106. These molecular weights agree with those published by Bevan et al. (2) . Spontaneous nonkillers lack the M RNA, and either have a markedly reduced amount of the L RNA or lack it entirely. Cycloheximide-induced nonkillers also lack the lower-molecular-weight RNA but have more of the larger RNA than the killer. The suppressive nonkillers not only lack the smaller band but also reveal a new band, S, with an estimated molecular weight of 5 x 105. This novel RNA from two independently isolated suppressive nonkiller strains appears as a rather broad band on the gel and may be heterogeneous with regard to molecular weight or base composition. The immunity-minus strain (Fig.  1 ) has three bands: the two found in standard killer and a third of even lower molecular weight (estimated at 2.5 x 105) than the S component found in suppressive nonkiller. Superkillers and temperature-sensitive killers qualitatively resemble standard killer, that is, they both have L and Mbands (not shown in Fig. 1 ). All strains of a given mutant type gave the same gel patterns. The number of each type analyzed is shown in Table 1 . For example, five independently derived cycloheximide-induced nonkillers and three spontaneous nonkillers were tested. All five cycloheximide nonkillers had an excess of the L band and no M band. The three spontaneous nonkillers had low, variable amounts of the L band.
32P labeling of dsRNA. To estimate the amount of each dsRNA on the gel and to perform base ratio analysis, 32P-labeled RNA was subjected to gel electrophoresis as described, and the gel was subsequently sliced and monitored for radioactivity. The radioactivity profiles are shown in Fig. 2 and agree with the stained gels shown in Fig. 1 .
To estimate the relative amounts of RNA present in each strain, 32P-labeled RNA was subjected to gel electrophoresis, the gels were (Table 3) . As a control, the base composition of 32P-labeled rRNA from yeast was determined by the same procedure and agreed closely with published results (4).
The base ratios of L RNA from all strains seems to obey the Chargaff rule for double-stranded nucleic acids: guanine (G) = cytosine (C) and adenine (A) = uracil (U). By contrast, the M RNA has a higher proportion of A than would be predicted for a double-stranded RNA. The S RNA from the suppressive nonkiller NK12 has an even higher proportion of adenine. It is conceivable that both the M and the S RNAs have a stretch of poly A. If the number of adenine residues comprising the stretch were constant for each species of RNA, then it is even possible that the L RNA has the same poly A piece. If the poly A stretch is a small enough proportion of the large dsRNA, it would be difficult to identify.
In a previous paper (10) we reported a dsRNA present in a membrane fraction of standard killer but absent from the same fraction of an isogenic spontaneous nonkiller. This dsRNA had been analyzed by equilibrium ultracentrifugation in an EtBr-Cs2SO, solution. To determine the relationship between the dsRNA visualized in an EtBr-Cs2SO4 density gradient and those visualized on polyacrylamide gels, the dsRNA of standard killer was collected from the Cs2SO4 gradient and then analyzed by gel electrophoresis. Only the large RNA (2.5 x 106 daltons) was visible on the gels and thus corresponds to that dsRNA characterized in our previous study.
DISCUSSION
The analysis of the amount and composition of the dsRNA in standard killer and mutant strains has strengthened the notion that both the L and M dsRNA species determine the killer phenotype. The efficient labeling of the dsRNA with 32P permitted a more detailed analysis of the M band than was possible in previous studies. There is only one-tenth as much of the M component as there is of the L component, VOL. 117, 1974 and therefore it comprises a very small percentage of the total RNA ( Our results on the base composition of the L dsRNA from standard killer do not differ significantly from those of Bevan (2) . The spontaneously derived nonkillers have no M component, but show small amounts of the L component varying from 10 to 30% of that found in the standard killer. There is a large variation in the amount of this L component even in replicate determinations from the same spontaneous nonkiller. Accurate determinations of base composition in the mutant are difficult because of low counts. Nevertheless, the base ratios of the L component in spontaneous nonkillers are different from those of the L component of standard and cycloheximide killers ( Table 3 ). The variation in amount and difference in base composition suggest that the small amount of L band could represent a contaminating species of dsRNA unassociated with the killer trait. It is possible that other methods of preparing dsRNA would eliminate the L band in spontaneous nonkillers. In the present study, total RNA without any chromatography was analyzed to avoid any selective bias in the estimation of dsRNA content.
Several facts bear on the relationship between the L and M components present in the standard killer. Our results show that, in the presence of cycloheximide, only the L component is maintained. All five nonkillers induced by cycloheximide had higher than normal amounts of the L band and no detectable M band. In suppressive nonkillers the disappearance of the M dsRNA band is accompanied by the appearance of the S dsRNA of lower molecular weight. The high adenine content of both the M and S species could mean that the S is a shorter form of M. It is conceivable that the nuclear maintenance genes control the replication of the L dsRNA and some gene product(s) of the dsRNA control the cleavage of dsRNA to form the various species present in the different strains. According to this hypothesis, the M dsRNA could be a killer-induced cleavage product of the L dsRNA or of a precursor common to both L and M. Cycloheximide could block the cleavage rendering the cells nonkillers, unable to carry out further cleavage. The S dsRNA in the suppressive nonkillers could arise by abnormal cleavage of the L RNA. The two suppressive nonkillers we examined (Fig. 2 ) appear to have S bands which migrate differently. This suggests that: (i) not all suppressives are the same and (ii) abnormal cleavage may occur in different portions of the precursor dsRNA.
